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1. Background

Earlier studies addressing rates of performance degradation,'” static modeling,’ and electrolyte man-
agement considerations’ for nickel-hydrogen cells have pointed out the problems that can be caused
by separator dryout. Due to the smaller pore size characteristics of the nickel electrode relative to
the separator,5 capillary forces cause the separators to give up some of their electrolyte to the
expanding nickel electrodes The reactions associated with the electrochemical corrosion of the
nickel plaque material' also result in a net loss of electrolyte volume. By modeling the effects of
expansion of the positive plates as cycling progresses, and the corrosion of the porous nickel sub-
strate material on the electrolyte content of the separator, it can be shown that there is a progressive
loss of the amount and concentration of electrolyte that is contained within the separator.’ Cells that
have undergone extensive life cycle testmg display reduced performance in terms of usable capacity
and operating voltage during discharge.”” Examination of the cell components following extended
life cycle testing always reveals expanded and corroded positive plates.*® Based on the destructive
physical analysis (DPA) results carried out on cells that have been cycled extensively, it is not
immediately obvious how to partition the performance degradation experienced during life cycle
testing between effects caused by dryout of the separator and effects caused by swelling and corro-
sion damage to the positive electrodes.

Reductions in electrolyte content of the separator result in smaller amounts of electrolyte being
available to carry the ionic current between the anodes and cathodes in the plate pack of the cell.
This results in an increase in the internal resistance of the cell and can possibly result in what is
called a diffusion-limiting current. A diffusion-limiting current is reached when there is an insuffi-
cient flow of ions to support the current being withdrawn from the cell. At this point, there is a rapid
drop in the cell’s operating voltage and current output. Electrode swelling reduces the usability of
the active material due to the reduction in accessibility of electrons to the active material located
within the pore structure of the nickel electrode. Electrode swelling also results in an increase in the
internal resistance of the cell by drawing some of the electrolyte out of the separator and into the
more wettable expanded pore structure of the nickel electrode. Plaque corrosion also results in a
decrease in the usability of the active material in the porous structure of the nickel electrode. Plaque
corrosion is caused by the oxidizing conditions present at the nickel electrodes during the recharge
process. Some of the nickel material of the sinter and the screen located in the middle of the elec-
trode is corroded to form nickel hydroxide. During this corrosion reaction, water from the electro-
lyte is partially consumed as per Eq. (1).

Ni + 2H,0 = Ni(OH), + H, (1)

There are two consequences of plaque corrosion. First, the corrosion product is a form of the active
material but does not contain the cobalt additive of the material when it is impregnated into the elec-
trode during its manufacture. Pure nickel hydroxide is less conductive than cobaltated material and
also has a slightly higher charging voltage. Second, the corrosion of the junctures where the tiny
nickel-carbonyl particles are sintered together are slowly destroyed. This reduces the mechanical



integrity of the conductive paths for the electrons to gain access to the active material. The increase
in the average distance an electron must travel between the highly conductive nickel structure and
the less conductive active material results in a increase in internal cell resistance. The resistance
increase results in an earlier arrival to the low-voltage cutoff during discharge.

In an attempt to partition the effects of electrode expansion and separator dryout, it was proposed to
carry out an experiment whereby the volume of electrolyte within a cell would be varied without
appreciable corrosion or expansion of the nickel electrode.



2. Experimental

2.1 General

The experimental program could have been carried out in two ways. In the first, several cells of the
same design could have been obtained that were filled with different amounts of electrolyte. This
approach would have had several possible drawbacks. One drawback would have been the expense
of obtaining 5 or 10 cells filled to our specifications. More importantly, it would have been difficult
to be certain that each portion of the cell’s multi-electrode plate pack would receive the same amount
of electrolyte in cases where conditions of severe dryout were to be established. A second approach,
and the one that was selected, was to obtain a cell that, by design, contained a small amount of elec-
trolyte relative to the total wettable pore structure of the cell. The cell chosen contained one layer of
zircar separator rather than the two layers used in the majority of cell designs. Alterations to the
electrolyte volume would be accomplished by removing increments of water via evaporation.
Following each increment of water removal, the cell would be evaluated for operating voltage and
usable capacity by discharging the cell to 100% depth-of-discharge (DOD). Water removals would
continue to the point where significant performance degradation was experienced by the cell. At this
point, the cell would be opened, the separators and nickel electrodes would be analyzed for KOH
content, and the nickel electrodes would be examined for possible increases in their thickness.

2.2 Experimental Procedure

A rabbit-eared, dual-stack, 100 A-h nickel-hydrogen cell was acquired for the test. A tube was
welded onto the fill tube at the top of the dome. A valve and a 0-1000 PSIA pressure transducer
were then attached to the tube. The cell was submerged in a constant-temperature bath and held at
10°C for all the electrical testing. For each electrical cycle, the cell was charged at a C/10 rate for 14
h (16 h for the first three charges), then stepped through a series of discharge rates (C/2 for 600 s,
C/4 for 300 s, C for 300 s). This sequence was repeated four times. A final C/2 rate was then
applied for 600 s, followed by a C/4 rate discharge to a 1.0-V low-voltage cutoff. The whole
charge/discharge sequence was then repeated before the final discharge sequence of a C/10 discharge
rate to a 1.0-V cutoff followed by a resistor let down to 0.0 V.

The cell was then removed from the bath and allowed to warm to room temperature. The weight of
the cell was then obtained to an accuracy of 0.01g. The cell was then attached to a vacuum line (10
torr) fitted with a liquid-nitrogen vacuum trap. The cell was periodically removed from the line and
weighed until the targeted amount of water was removed. The cell was ready for the next set of dis-
charges. A total of seven water removal steps and performance evaluation sequences were con-
ducted. At this point, the internal resistance of the cell had almost quadrupled in magnitude.

2.3 Post-Test DPA Procedure

After the final performance evaluation discharge had been completed, the cell case was opened by
machining a cut around the cell on each side of the center weld ring. After the positive and the



negative terminals were cut off, the two pieces of the cell case were pulled away from the weld ring
to expose the cell stack. The cell stack was disassembled, and each component was examined for
defects such as blistering and popping. Both top and bottom stacks were disassembled. All positive
plates were rinsed with deionized water to a neutral pH. Rinse water from plate pairs 2, 8, and 15
from both the upper and lower stacks were analyzed separately for total alkalinity by potentiometric
titration to pH 4.5 with hydrochloric acid of known concentration. The same measurement was also
made on the corresponding separators.

The rinsed positive plates were then air dried, and the plate thickness was measured on four different
areas on each plate. The percentage increase in plate thickness (expansion) of each plate was calcu-
lated from the average of the four measurements and the original plate thickness of 35 mils.



3. Results

Some of the results will appear as calculations related to the percentage of the separator pores that
are filled with electrolyte based on the static model developed for this cell. The amount of electro-
lyte added during its fabrication was supplied by the manufacturer. The static model used in this
study® assumes that the separator will contain electrolyte that is in excess of the sum of the wettable
pore volume of the thin hydrogen electrode and the much thicker nickel electrode. With each incre-
ment of water removal, the new volume and concentration of electrolyte were calculated. These
numbers were inserted into the static model, and a revised estimate of the percentage of the separa-
tor’s pores that were filled with electrolyte was calculated. Table 1 is a record of these calculations
following each of the seven removal steps. For each step of water removal, equivalent amounts of
expansion and corrosion of the positive plate were calculated that would have resulted in the same
amount of electrolyte loss from the electrode/separator set. For completeness, this equivalent plate
expansion is also expressed as a percentage of its original thickness. The electrodes in this cell were
nominally 35 mils thick at the time the cell was built.

Other results appear as plots of cell performance and internal resistance as water was progressively
removed from the cell. Figure 1 contains plots of the internal resistance of the cell as a function of
the DOD and amount of water removed. The internal resistance was estimated by the change in cell
voltage at the time there was a step change in cell discharge current. These values were relatively
insensitive to the sequence and the DOD at which the values were calculated. The numbers along
the ordinate are points where there was a step change in the discharge current. As the amount of
electrolyte contained within the separator was reduced, the internal resistance of the cell increased.
These values increased from about 1.0 milliohm prior to the removal of any water to as high as 4.0
milliohm at the point when it is estimated that only about 15% of the pores of the separator were
filled with electrolyte. There are several apparent anomalous trends in this figure that merit com-
ment. The resistance value of the case where 26.4 ml of water were removed is lower than the
resistance value following the removal of 17.1 ml of water.

Table 1. Summary of Results of Water Removal Steps

Step 1 2 3 4 5 6 7 8
Water Removed (g) 0.0 9.6 17.1 264 33.9 437 50.0 57.3
Electrolyte in Cell (g) 279.6 269.6 262.1 252.1 2446 235.86 229.6 2237
KOH Concentration (%) 31.0 32.2 33.1 344 354 36.8 37.8 39.3
% of Separator Filled* 72 62 54 44 36 27 21 15
Equiv. % Expansion 0.0 40 7.4 11.9 15.5 20.1 23.9 26.9
Equiv. % Corrosion 0 4.6 7.2 131 159 19.9 22.8 26.5
Approx. Internal R (mOhm) 1.0 14 2.0 15 1.8 2.0 25 3.7

*Estimated from Aerospace Static Cell Model



This can be understood as due to the effects of not allowing enough time for the electrolyte to re-
equilibrate within the cell following the removal of water. Drawing a vacuum on the cell as a means
of removing water will most likely result in the preferential loss of water from the portions of the
plate pack that are closest to the top of the cell. Following this, any maldistribution of electrolyte
concentration will slowly be removed as the water from less concentrated portions of the electrolyte
will move to regions of higher concentration under the influence of the gradients in the vapor pres-
sure differences. The two high points on the line following 33.9 ml of water removal are examples
of diffusion-limiting currents when 100 A were passed through the cell. (See also Figure 3). Since
this condition was not seen following further removals of water, it is assumed that an insufficient
amount of time was allowed for the re-equilibration of water between different parts of the plate
pack following the water removal step.

Figure 2 shows the capacity charged into the cell during the charge steps and the capacity removed
during the discharge steps to the 1.0-V cutoff at the C/4 rate. The cell maintained a usable capacity
of about 113 A-h at the C/4 rate up to and including the last data point. The capacity to 0.0 V,
including the resistor letdown following the second discharge sequence, was very close to the 140 A-
h charged into the cell during the charge step. Figure 3 shows the composite discharge curves fol-
lowing different amounts of water removal from the cell. A point was reached where the cell was
unable to maintain a voltage above 1.0 V during one or more portions of the discharge sequence.
When a low-voltage limit was reached, the cell discharge programmer stepped the cell to the next
preprogrammed discharge step. This resulted in an increase in the amount of capacity withdrawn
from the cell during the final C/4 discharge step.

Each of the seven discharge sequences (only 4 shown here) showed a gradual decrease in the cell
voltage as a consequence of the increase in internal resistance as indicated in Figure 1. The dis-
charge curve following removal of 34 ml of water showed diffusion-limiting current problems at the
last three applications of the C rate discharge.
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Figure 4 shows the results of the KOH analyses carried out on six different electrode pairs and their
corresponding separators. Three plate pairs were taken from both the top and bottom stacks of the
cell (numbers 2, 8, and 15). The results show that the KOH contents of all plate pairs were very
close no matter where they were located within the cell. This is evidence of a very uniform distribu-
tion of electrolyte across all 64 nickel electrodes. The results from the separators were also very uni-
form across the entire cell. The difference in the amount of KOH contained within the electrodes vs.
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that amount contained within the separators can be used to estimate the changes that occurred during
the dryout steps within the cell. The static model contains information related to the porosities of all
components within the cell. It further assumes that the separator will contain electrolyte that is in
excess of the wettable pore volume of the nickel electrode and the hydrogen electrodes. With the
densities of the different concentrations of KOH solutions and the electrolyte concentration follow-
ing each water removal step, all the necessary information was available to allow calculation of the
estimated distribution of electrolyte between the different cell components. Following the seventh
removal step and the completion of the chemical analyses, the amounts estimated by the model can
be evaluated for accuracy. The set of bars on the far right of Figure 4 is the estimate using the
model. They agree very closely with the results of the chemical analyses. These calculation
assumed zero expansion of the nickel electrodes. The average expansion was found to be 3.3%.



4. Conclusions

A flight-quality, nickel-hydrogen cell was modified so that increments of water could be evaporated
as a technique to reduce the electrolyte volume available to the cell components. The impact of
these water removal steps on the performance of the cell was evaluated by completely discharging
the cell at several discharge rates. These discharges permitted the internal resistance of the cell to be
estimated as a function of the DOD and the amount of water that was removed from the cell. The
static model for this cell design was used to estimate the distribution of electrolyte between the dif-
ferent components within the cell. Following the last water removal and performance evaluation
step, the cell was opened, and the components were analyzed for KOH content. This permitted the
estimated distributions from the static model to be compared to the actual distributions from the
results of the DPA analyses.

The cell performed very well as the volume of electrolyte was reduced. The internal resistance did
increase, but at the lower discharge rate of C/4, the cell was still able to deliver the same capacity to
the 1.0-V cutoff as when no water had been removed from the cell. The excellent agreement
between the electrolyte distribution as estimated by our static cell model and the results of the
chemical analyses validates the assumptions and numbers that are used in the calculation procedures
used by the model.
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